• surface temperatures below the Vostok record low 2 m air temperature are observed at multiple sites near the East Antarctic ice divide • lowest surface temperatures, ~-98°C, are in high-elevation shallow topographic depressions, with inferred 2m air temperatures of ~-94±4°C • clear-air downwelling thermal emission and heat conduction from sub-surface snow appear to control the low-temperature limit © 2018 American Geophysical Union. All rights reserved.
Introduction
Extremely low air and surface temperatures occur in East Antarctica, caused by intense radiative cooling of the snow surface during prolonged wintertime periods of clear sky, weak winds, and very dry atmosphere (Turner et al., 2009) . Dry snow exhibits high emissivity in the thermal wavelength range (= 0.997 over 8 to 14 µm; Dozier & Warren, 1982) , particularly the very fine-grained acicular snow typical of the East Antarctic Plateau (= 0.999 at 10 to 11 µm; Salisbury et al., 1994) . Chilling of the air layer immediately above the snow surface by contact with the radiatively cooling snow leads to a strong thermal inversion in the lowest few meters of the atmosphere (Philpott & Zillman, 1970; Hudson & Brandt, 2005; Scambos et al., 2006) .
The resulting increased density of this air layer and the regional surface slope of the ice sheet drives katabatic airflow across the entire continent (Parish & Bromwich, 1987) at speeds depending on both local and regional slope, as well as additional synoptic and thermal pressure gradients (van den Broeke and van Lipzig., 2003) . This airflow, if it becomes partly or wholly turbulent, can disrupt the near-surface temperature inversion, warming the surface by sensible heat exchange. A steep thermal gradient is also produced in the near-surface snow and firn layer by the surface radiative cooling (Weller & Schwerdtfeger, 1977; King et al., 1996) , driving intense vapor transport and recrystallization in the upper snow layers (Albert et al., 2004 ).
Extensive literature has described the formation of temperature inversions over ice sheets (Philpot & Zillman, 1970; Hudson & Brandt, 2005 ), but only a few studies describe the meteorology and other conditions of the very coldest events (Stepanova, 1963; Turner et al., 2009 ). An earlier study identified the highest surface temperatures on Earth (three sites are essentially tied, two in Iran and one in Algeria; Mildrexler et al., 2006) , but concerns about cloud contamination limited attempts to identify record low temperature sites from satellite data over ice sheets. The recognition here that the coldest Antarctic conditions occur under a clear atmospheric column allows us to explore the climate, geography, and near-surface conditions at the coldest places on Earth.
Methods and Data
Satellite-derived thermal emission temperature data from Moderate-resolution Spectroradiometer (MODIS) Land Surface Temperature data (LST); both MOD11 (from Terra) and MYD11 (from Aqua) data sets) were used to evaluate the location and frequency of very low temperatures in Antarctica (Figure 1 ; Figure S1a ). A pilot study using Advanced Very High Resolution Radiometer data (AVHRR) confirmed the general locations and value of very low surface temperatures ( Figure S1b ). We extracted minimum temperatures in the LST satellite swath data south of 70°S (gridded to a 1-km polar stereographic projection) between 15 June to 15 September for a 12-year period (2004 -2016 MOD11 Collection 6, and MYD11, Collections 5 and 6; Wan, 2006; Wang et al., 2013) . The 2004 winter was the earliest MODIS Collection 6 data available at the time we began our analysis. We used the LST cloud mask, although this by itself is only partially effective. Terra MOD11 Collection 5 (hereafter, MOD11 c5) does not contain surface temperatures below 200 K (-73.15°C) because they were assumed to be cloud-contaminated. This was adjusted in MOD11 c6. Aqua MYD11 reports lower temperature values in c5 because problems with the Aqua MODIS band 6 (1640 nm) compromised high cloud detection. The Terra MOD11 cloud mask, using a functioning band 6, also masked clear-sky observations of very low surface temperatures. The Aqua MYD11 masking protocol did not mask observations of the lowest surface temperatures (Gladkova et al., 2013) and we show that many of these are cloud-free ( Figure S1 and S2). Initial assessments using MYD11 c5 data produced results similar to MOD11 c6, but masking of temperatures below 180 K (-93.15°C) in MYD11c5 eliminated the very lowest values.
The extracted grids of minimum 1982 -2000 and 2004 -2016 reveal that above ~3250 m elevation, the spatial pattern of the lowest temperatures represents an image of the local surface topography interacting with the near-surface air inversion, and is not perceptibly obscured or modified by cloud thermal patterns. This was confirmed by comparison with the visible-band MODIS Mosaic of Antarctica (MOA2009; Haran et al., 2014) , and a satellite-derived digital elevation model (Bamber et al., 2009 ; Figure   S2 ). The high correlation with surface morphology indicates that the lowest temperatures occur under clear-sky conditions and are colder than any discernable clouds. Validation studies of MODIS c5 and c6 LST for non-polar regions, while limited, suggest that the surface temperature data are generally within 1°C of the in situ measured thermal emission temperature (Wan, 2014) , although the validation did not extend to this temperature range or surface type. The main intent of the LST c6 reprocessing was improvement of high-temperature desert measurements. The reprocessing sought to retain the performance of c5 for lower temperatures (Wan, 2014) . A recent assessment of the accuracy of MODIS LST c5 and c6 at the summit of the Greenland ice sheet (Adolph et al., 2018) Table 1 ). We also determined the near-surface vertical air temperature gradients at the Dome A AWS from 4m, 2m, and 1m (nominal height) air temperatures (Table   S1 ). Weather station data were selected for cold midwinter conditions (15 June to 15 September; <-70°C; for Dome A, <-60°C) and low wind speeds (<4 ms -1 ). We excluded cases
where LST values were higher than the air temperature. Table 1 and S1).
The air temperature profile can be used as an independent estimate of surface temperature for comparison with LST temperatures, assuming that at the exact surface, air temperature and snow temperature are identical. Although the data show that the vertical temperature profile can be significantly non-linear, it is highly variable, primarily in the last few decimeters. We use a linear extrapolation to arrive at a surface (0 m) air temperature estimate (Table S1 ). The Examining the air temperature gradients and the air-LST differences for the four sites (Tables   1 and S1 ), Dome A has a stronger near-surface air temperature inversion than the AWS sites on the flanks of the East Antarctic Plateau. This characteristic of ice dome summits has been noted previously (Philpot & Zillman, 1970; Shuman et al., 2014) . We can infer that ~2 m air temperatures at the AWS sites, and across the region, are typically 4.6 (~1.5 to 5) ± 3.3°C
higher than the LST-measured surface temperature (selected for <±1°C error; Table 1 ). This is similar to results from other ice sheet sites or sea ice surfaces (Schwertfeger, 1970; Hall et al., 2004; Hudson & Brandt, 2005; Scambos et al., 2006) . Our estimate is hampered by not having actual measured air temperature gradients at other East Antarctic high-altitude stations.
However, we infer that the lowest thermal-band surface snow temperatures observed in the ultra-cold sites in Figure 1 , -98°C to -98.6°C, imply 2 m air temperatures of -94±4°C if the vertical air temperature gradients are similar to the three off-summit weather stations (i.e. less than Dome A, as the data suggest). Given that the coldest sites are all in shallow topographic depressions, it is possible that their near-surface air temperature gradients are lower than typical flank or dome sites, since air drainage is reduced.
Results
Figure 1 over so large an area suggests there is a physical control such as an external physical or atmospheric condition that restricts the minimum possible surface temperature. We consider two possibilities that may account for this. One control may be optically thin stratospheric clouds, which could limit radiative cooling rates of the surface when present, but would be absent during the coldest observations (since a cloud-free surface is visible in the lowesttemperature thermal data). A second potential limiting factor is reduced net radiative cooling of the surface as the low-temperature thermal emission spectrum is increasingly affected by absorption bands from CO2 and water vapor outside the main atmospheric thermal emission window (7 to 13 µm).
Laser-based observations from CALIPSO data (Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations) measure the spatial and temporal distribution of polar stratospheric clouds (PSCs), and can be used to distinguish between various types of aerosols and clouds in PSC layers (Pitts et al., 2009; Pitts and Poole, 2015 (Pitts et al., 2009) . These temperatures are similar to or slightly above our estimate of the corrected minimum surface temperatures for the -98°C LST observations. Ice clouds as observed by CALIPSO would likely constrain cooling of the surface as the surface approached the temperature of the clouds. However, the low frequency of occurrence of ice PSCs means that any moderation of surface temperature evolution would be intermittent and infrequent.
We next consider the thermal emission balance of the polar snow surface under clear night skies as temperatures approach the lowest values ( Figure S6 ). Radiance of the snow surface upward is essentially that of a black-body (= 0.997 to 0.999). At surface snow temperatures above about -55°C, much of the spectrum of thermal emission is within the broad hightransmittance range for the atmosphere between 7 and 13µm wavelength (-55°C peak emission is 13.3µm). At temperatures of -75°C and below, the peak emission shifts into a CO2 absorption band between 13.5 and 17.5µ wavelength (-75°C peak emission is 14.6 µm; -95°C peak is 16.3 μm). In this range, much of the emitted thermal radiation from the surface is absorbed by CO2 in the near-surface atmosphere and re-radiated downward. This slows the rate of surface cooling, as observed in the time-series LST data in Figures 2 and S4 .
Under typical conditions, water vapor in the air column absorbs radiation at wavelengths longer than the CO2 band (i.e., in the far infrared). However, during much of the polar winter, the East Antarctic Plateau experiences extremely low levels of precipitable water, generally below 0.5 mm (Thomas et al., 2011) and in the East Antarctic ice divide region, often below 0.2 mm, with periods as low as 0.04 mm (Yang et al., 2010) . These periods of atmospheric clarity and extremely dry air permit further radiative emission loss from the 17.5 µm and higher wavelength regions. Models of atmospheric transmissivity and emissivity under these conditions (e.g., Berk et al., 2014) show that clear-air downwelling radiation is strongly dependent on water vapor. Examining several model runs of MODTRAN® using conditions similar to those observed for the ultra-cold sites ( Figure S6 ) shows that net differences in upwelling and downwelling radiation become very small, e.g., 10.4 W/m 2 for -95°C nearsurface air temperature (with an air column temperature profile similar to the annual minimum at South Pole), -95°C surface snow temperature, and ~0.1 mm precipitable water (10 atm-cm).
A model of the subsurface snow and firn temperature profile, snow surface emissivity, and snow thermal conductivity under these emission conditions (adapted from Muto et al., 2011) , using an initial snow surface temperature of -75°C, showed that the surface temperature reaches -97°C after 5 days. However, at that point, cooling rates of the surface are ~0.02°C/hour and decreasing with time, essentially setting a low temperature limit. Higher levels of water vapor in the air column prevent the surface from reaching -95°C in the model, even with low air temperatures. Both downwelling radiation and heat conduction from the upper firn limits the pace of surface cooling. Our conceptual model for the record-setting surface temperatures ( Figure S7 ) starts with strong radiative cooling of the snow surface and a strong surface-based temperature inversion, leading to downhill drainage of a near-surface air layer. The cold air collects in local topographic lows, allowing the surface snow in these sites to cool still further by reducing the advection (downward or laterally) of less chilled air. We suspect that the near-surface air temperature gradient may be less steep within the topographic lows, making it likely that these record low snow temperatures underlie record cold air at 2 m. Adjacent higher-elevation dome and flank areas of the ice surfacer are not able to cool as much because divergent drainage of the nearsurface air leads to subsidence, exposing the surface to warmer air from higher in the inversion layer. Cooling proceeds as long as clear atmospheric and low wind speed conditions remain, but cooling to ~-98°C requires light winds, clear skies and very low atmospheric water vapor (~0.1 mm precipitable water) to persist for several days. Surface snow cooling rates are nearzero (~0.02°C hour -1 ) as this limit is approached.
The radiative processes that control record low surface and air temperatures, and the changing composition of the atmosphere, imply that in the future we may see fewer extreme low temperature events. This is due to the ongoing increase in gases such as CO2 , and to increased water vapor in the Antarctic atmosphere as a secondary effect. Lowest LST temperature within 45 minutes of air temperatures from MYD11 and MOD11 c6 swath data at weather data sites. f Mean offset at 2 m for the selected LST and AWS data is 4.6°C; 1 error for the 2m offset is ±3.3°C. LST error is selected to be < ±1°C.
